Introduction
The structure (1) for the transient quinonoid tautomer of 7,8-dihydropterin was proposed by Kaufman (1) after a suggestion by Hemmerich (2) that it was analogous to the structure of oxidised 8-methyltetrahydrolumazine (e. g. 2) and flavin s. Much evidence has been produced in support of the structure of the hydropyrazine portion of this tautomer, shown encircled in formula (1) , and was summarised recently (3) . The tautomeric structure in the pyrimidine ring (uncircled portion of formula 1) has been written as shown in (1) with the exocyclic 2-imino group for many years. Except for the analogy with the flavins , there was no experimental evidence to support this portion of the structure until recently. Such a structure should result in a strong base (4) , but the rather low pKa values [e. g. 5.15 for 6,6-dimethyl-7,8-dihydro(6H)pterin (5) consistent with a 2-iminopyrimidine structure. The more chemically acceptable structure is the one with the endocyclic double bond (3) . Evidence in support of this structure came from comparative studies of pterins which possessed a lkyl groups on N3, N8, and the 2-NH2 group in which the compound with the 3-methyl group exhibited effects different from the other alkyl pterins in this series (7) . These studies included (a) the aerial oxidation rates of the tetrahydro compounds (4) to the respective quinonoid species, (b) the rates of rearrangement of the quinonoid species to the 7,8-dihydropterins with the genera l structure (5) and (c) the rates of non-enzymic reduction of the quinonoid species (3) by NADH. However, these involved kinetic studies and demonstrated that the reactive tautomeric form of the quinonoid species is the form (3), but do not necessarily prove that this form is the predominant tautomer in aqueous solution. In order to show which tautomer predominates in o ~rJ) (2) o H R' R"N 1 ):) R'" R (4) (5) aqueous solution the chemical shifts of the 15N nmr resonances of quinonoid 6,7 -dimethyl-7 ,8-dihydro(6H)pterin enriched in Nl, N3 and 2-NH2 (33% enriched) and N5 (> 95% enriched) and the related 5,6,7,8-tetrahydropterin were examined in neutral aqueous buffer (8) . The data presented convincing evidence that the tautomeric form (3) predominated in neutral aqueous buffer. X-ray crystallographic data of tetrahydrobiopterin hydrochloride (9) and the pentaacetate (10) provide accurate bond distances, but the charge distribution between Nl, N3 and the NH2 group in the cation and the presence of the acetyl groups do not allow us to extrapolate these to the quinonoid species or to the bond distances of the substances in solution. The C-N bond distances in the crystals of quinonoid dihydropterin hydrochlorides
also would not be the same as those in the neutral species (the active dihydropteridine reductase substrates) because of the charge distribution in the protonated guanidinium system. X-ray data from crystalline neutral quinonoid dihydropterin species could provide the required answer.
It was argued that if the tautomeric structure of quinonoid 7,8-dihydro(6H)pterin substrates was predominantly as in formula (3), then the quinonoid species (6), (7) and (8) , derived from the tetrahydropteridinones (9), (10) and (II), where the 2-amino group was replaced by h ydrogen or other groups in which an exocyclic double bond could not be formed in aqueous solution, e. g. methyl or methylthio groups, should be substrates for dihydropteridine reductase. (7) and (8) , that were studied were active substrates for this enzyme, and their enzyme kinetic parameters (Km and V max) were evaluated (11, 12) . These studies have now been extended to the transient quinonoid species (12) , (13) and (14), derived from the respective tetrahydropteridin-4-ones (15), (16) and (17), and we found them to be active substrates for human brain dihydropteridine reductase.
Material and Methods
All reagents were from the best commercial available sources and were not purified before use. Human dihydropteridine reductase (EC 1.6.99.10) was prepared as before (13) . HPLC monitoring of reaction products was performed on a Varian Model 5000 liquid chromatograph at 250 nm using a Partisil-l0 SCX (25 x 0.25 cm) column operating at ea 4 atm and 25 "c. The column was eluted isocratically with 30 mM NaH z P0 4 (PH 4.5) at ea 20 mljmin flow rate. Nmr spectra were run on Jeol FX90Q (90 MHz) and Varian XL 300 (300 MHz) spectrometers at ca 20 cC (0 in ppm, J in Hz). Assignments of signals were made by inspection, comparison with spectra of known pteridines, and from the magnitude of the coupling constants. Other instrumentation was as described in the text. A Buchi rotavap was used to evaporate solutions at 20 -500 j 18 mm. (18) 4-Amino-2-methyl-5-nitrosopyrimidin-6(1 H}-one(14) (18.7 g) was reduced with 10% Pd jC (2 g) in aqueous solution (400 ml), adjusted to pH 8 with 2 M potassium hydroxide (ea 25 ml), until hydrogen uptake was complete. Adjustment of the pH to 6 -7 with acetic acid gave 4,5-diamino-2-methylpyrimidin-6(1H)-one 
4,5-Diamino-2-methy lpyrimidin-4 ( 3H) -one hem i-sulphate

2, 7-Dimethylpteridin-4 ( 3H) -one
(a) The above pyrimidinone (18) (1.90 g, 10 mmol) in water (20 ml) was stirred for 5 h al room temperature with a solution of hydrazine hydrate (0.72 g, 14.4 mmo\), 10% aqueous methyl glyoxal (9 .0 g, 12 mmol) and formic acid (to drops) in water (50 ml). After stirring further overnight, the initial precipitate dissolved. The clear solution was evaporated to dryness, dissolved in a small volume of water, applied onto a Florisil column (3 x 26 em) and eluted with water. The fractions with the characteristic uv spectrum were pooled, evaporated to dryness, the residue was dissolved in 80% aqueous ethanol, filtered , concentrated to small volume and cooled. The first crop was pure 2,7-dimethylpteridin-4-one (320 mg, > 97% of 7-methyl isomer) m . p. 300-302 DC (decomp) (Found: C, 52.6; H , 4.5; N, 30.4. CgH s N 4 0. 0.4H 2 0 requires C , 52.4; H , 4.8; N , 30.6%). Further crops were mixtures which did not appear to contain the 2,6-dimethyl isomer.
(b) The pyrimidinone sulphate (18) (1 g) and sodium metabisulphite (5 g) in water (20 m\) were mixed with 30% aqueous methyl glyoxal (1.2 g) and sodium metabisulphite (0.45 g) and stirred at 0 °C for 1.5 h, then at room temperature for 12 h. The mixture was adjusted to pH 2 with hydrochloric acid and evaporated to dryness. The residue was extracted with methanol, filtered, concentrated to a small volume and ethanol added to precipitate pure 2,7-dimethylpteridin-4(3H)-one (0.91 g, 98%) identical with the above. The IH nmr spectrum (90 MHz, DzO; 0 from TPS) has 0: 2.41 s (7-CH 3 ), 2. A doublet from 4a-C and a singlet from 8a-C are diagnostic for the 6-unsubstituted-7-substituted pteridines respectively. (23) The 5,6-dihydro derivative (20) , which was isolated as a diastereoisomeric mixture of cis- (21) and (22), was first prepared. The pyrimidinone sulphate (18) (2.83 g, 15 mmol), D-arabinose phenyl hydrazone (19) [3.7 g, 16.5 mmol, prepared by adding freshly distilled phenylhydrazine (67 mmol) to D-arabinose (67 mmol) in water (150 ml) containing 50% formic acid (5 drops), stirring for 4 h, filtering the crystals, washing with water and drying], and one drop of mercaptoethanol in 50% methanol (150 ml) was adjusted 0 pH 2. The mixture was heated at 60 DC for 30 min, then refluxed for 1.5 h under nitrogen and kept at 0 DC overnight. A ea 1 : 1 mixture (by tH nmr) of the pyranopteridines (21) (21) and (22) are of equal intensity and are at 8 2.07 and 2.11 ppm (OMSO-d 6 , 8 Me4Si = 0 ppm). To the mixture of pyranopteridinones (1.11 g, 4.33 mmol) in 30% ethanol (100 ml), which was adjusted to pH 1.3 by addition of 5 drops of hydrochloric acid, was added an iodine solution (500 mg in 30 ml ethanol) followed by 30% hydrogen peroxide (2 ml). After standing at room temperature for 10 min, the excess of peroxide was decomposed with sodium metabisulphite solution and refrigerated overnight. The pteridinone (23) (26) and (27) was prepared by mixing the pyrimidinone (18) (4.2 g, 32 mmol) with 5-deoxy-Larabinose phenylhydrazone (16) (24) (11.4 g, 50 mmol) in 50% ethanol (400 ml), adjusting the pH to 2.0 with hydrochloric acid and stirring at room temperature for 12 h (dark brown solution). The pH of the solution was adjusted to 3.0 and refluxed for 4 h under nitrogen. The pH was furth~r adjusted to 8.0, the solution was evaporated to 50 ml, the precipitate was collected, washed with a small volume of methanol to give a ca 1: 1 mixture of furanopteridines (2.55 g, 33%) which had m. p . 255 °C(decomp) after recrystallisation from water (Found: C , 46.7; H , 6.1 ; N , 21.9. C lOH14N404. H 2 0 requires C, 46.9; H , 6.3;
N , 21.9%). The IH nmr spectrum of the mixture was consistent with a ca 1 : 1 mixture of cyclic compounds (26) and (27) when compared with related compounds (15), and the methyl resonances of (26) and (27) when compared with related compounds (15), and the methyl resonances of (26) and (27) were of equal intensities at 1.12 (J 6.1) and 1.22 (J 6.3) ppm for the 2-CH3' and 2.16 and 2.17 ppm for the 7-CH3 (OM SOd 6 , 8 Me 4 = 0 ppm). The preceding mixture of furanopteridinones (2 .5 g) in 50 % ethanol (200 ml) was cooled to 10°C, and iodine (160 mg) in ethanol (10 ml) and potassium iodide (230 mg) were added followed by 30% hydrogen peroxide dropwise until a brown colour persited. The solution was stirred at 10°C until there was no change in the uv spectrum (1 h). Excess of peroxide was decomposed with sodium hydrogen sulphite solution and the solution was evaporated to dryness. The residue was extracted with 70% aqueous ethanol (3 x 100 ml), filtered and concentrated to 50 ml whereby the pteridinone (28) 
5,6,7,8-Tetrahydropteridin-4-ones
Several attempts to reduce 2,7-dimethylpteridinone and the pteridinones (23) and (28) by standard procedures (17, 18) , and isolation of the respective tetrahydropteridinone hydrochlorides were unsatisfactory because of over-reduction and the salts were very hygroscopic and difficult to handle. The following general modified procedures were necessary in order to obtain manageable salts. The pteridinone (200 mg) in 2 M methanolic hydrogen chloride (10 ml, warmed to dissolve or increased volume if necessary) was added to a pre-reduced suspension of platinum oxide (50 mg) in 2 M methanolic hydrogen chloride (5 ml), and shaken with hydrogen at atmospheric pressure. The progress of the reduction was followed by withdrawing ca 30 ilL, diluting to 1 ml with 0.5 M aqueous hydrochloric acid and observing the uv spectrum (see below). Reduction to the tetrahydropteridinone was complete after ca 3 h (longer shaking with hydrogen caused over reduction probably of the pyrimidine ring). The mixture was centrifuged to settle the catalyst and the supernatant was filtered through Celite under slight pressure of nitrogen. The filtrate was evaporated to dryness and the residue kept overnight under vacuum in the presence of potassium hydroxide and phosphorus pentoxide. The residue was dissolved in methanol (3 ml) and, under icc cooling, concentrated sulphuric acid (100 ilL) was added followed by dry ether (60 ml). After standing at 0 "C for 1 h, the colourless solid that separated was collected and washed several times with dry ether by centrifugation. The residue was dried in vacuo over phosphorus pentoxide at 70 "qO.l mm for 2 h to give to tetrahydropteridinone sulphates . The 6,7-dideuterio derivatives were similarly prepared by carrying out the reductions in 2 M DCI/D 2 0 and deuterium gas. 7-Methylpterin was prepared as before (19) and reduced to 7-methyl-5,6, 7 ,8-tetrahydropterin hydrochloride (20) which had le m a x (f.) in HCI pH 1.0: 262 nm (17,616 M -I cm -I ) . lH nmr spectrum was the same as before (20) .
Spectral changes of the 5,6,7,8-tetrahydropteridinones (15), (16) and (17) following oxidation
Solutions consisting of 1 M Tris/HCI buffer pH 7.3 (100 ilL), water (650 ilL), peroxidase (100 JlL, 20 Jlg), hydrogen peroxide (50 ilL, 11 Ilg) and tetrahydropteridinone (100 ilL, ca 0.5 mM in 4 mM HCI) were placed in a thermostated (25°C) cuvette of a Varian 219 uv spectrometer which was driven by an Apple II computer. The blank contained a similar mixture in which the pteridinone solution was replaced by an equal volume of water. The uv spectra were scanned at time intervals. Typical spectral changes are shown in Figure 1 . The rates of change of absorbances at 300 nm were recorded for the pteridinones and their 6,7-dideuterio derivatives. All the absorbance changes followed first order kinetics for more than 80% of the reactions and the rate constants and half lives are in Table 1 . The tetrahydropteridinones (15), (16) and (17) and their 6,7-dideuterio derivatives were also oxidised with potassium ferricyanide according to the following protocol: M Tris/ HCI (100 flL) , water (750 flL) , 3 mM potassium ferricyanide (100 flL) and tetrahydropteridinone (50 ml of ca 0.5 mM in 4 mM HCI) and the blanks contained these ingredients except that the pteridinone solution was replaced by an equal volume of water. The change of absorbance with time at 300 nm was recorded at 0 .5 min intervals twenty seconds after addition of pteridinone solution. The kinetic data are in Table 1 . Table 1 . First order rate constants and half lives of the pteridinones (15), (16) and (17) The assays were performed in 1 mL cuvettes in a thermostated cell holder (25°C) of a double beam u . v. spectrophotometer (U nicam SP 1800) and the rates of decrease in absorbances of NADH (C340 6220 M -1 cm-1 ) were followed on a Rikadenki B2814 recorder with maximal pen movement corresponding to 0 .1 absorbance units. Because we knew from the oxidation experiments (above) that the quinonoid species formed were relatively unstable it was very important that the reactions were initiated by simultaneous addition of the reactants to both cuvettes in order to obtain meaningful and reproducible results. This was achieved with the same device (i. e. a holder with two small platinum buckets which could be simultaneously inserted into the solutions in the separate cuvettes) as described before for compounds (6 -8) (11) . The rates of the non-enzymic reaction in the two cells were thus compensated, and because the enzyme was present in one cuvette only the enzymic rates were observed on the recorder. After experiments to find the best order of mixing, the following procedure was adopted. Solutions were mixed in the order: buffer (100 flL, 1 M Tris/ HCI pH 7.3), K 3Fe(CN)6 (3 flM, 100 flL in the case of 12 and 13, but 130 mL for 14) , and water to give a final volume of 1 ml after addition of the NADH and pteridinones below. These were used as a stock solution. To these solutions was added NADH (100 flL , simultaneously to the two cuvettes at concentrations given in Table  2 ) and the enzyme solution (1 flL , 0.4 mg, to one cuvette only) with the aid of a Hamilton-Whitier cal "BP 600" dispenser fitted with a 100 flL syringe , delivering 1 flL at a time. The cuvettes were allowed to equilibrate (i. e. until the recorder showed no rate of change of absorbance) . The reaction was initiated by simultaneous addition of the tetrahydropteridine solutions of (15) - (17) (30 flL, 0.1 -1 Km final concentrations) . The initial rates were derived from at least fi ve duplicate runs of different substrate concentrations. The kinetic parameters were obtained using a programme supplied by Dr Cornish-Bowden (21). The computed parameters were similar to those obtained from Lineweaver-Burke plots. The kinetic parameters for 7-methyl-5 ,6, 7 ,8-tetrahydropterin were determined as before (18) .
Results and Discussion
(a ) Syntheses
We have investigated the Isay (22) condensation between 2-methyl-4,5-diaminopyrimidin-6(1 H)-one sulphate (18) and the appropriate 1,2-dicarbonyl compound or derivative therefrom . A serious drawback of this synthesis is when the condensation involves unsymmetrical 1 ,2-dicarbonyl compounds because the products are ambiguous and the structures have to be confirmed, and because mixtures of 6-and 7-substituted pteridines can be formed. When we reacted the pyrimidinone (18) with methyl glyoxal in the presence of sodium carbonate or metabisulphite the predominant isomer was 2,7-dimethylpteridin-4(3H)-one. Also by carrying out the condensation in the presence of 1.2 equivalents of hydrazine (with respect to methyl glyoxal) larger amounts of the desired 2,7-dimethylpteridin-4(3H)-one isomer were formed, and the pyrimidinone (18) condensed with D-arabinose in water in the presence or absence of hydrazine to furnish the 7-substituted pteridinone. Better selectivity for the 6-substituted pteridinones with arabinose was achieved when the phenyl hydrazones of D-arabinose (19) or 5-deoxy-L-arabinose (24) were used. The combined procedures of Viscontini et al. (23) , Pfleiderer and Soyka (15) and Matsuura et al. (24) were adopted successfully for preparing the pteridinones (23) and (28) these with iodine gave only the 6-substituted isomers (23) and (28) . The orientation of the side chain was best identified by DC nmr spectroscopy; a method which we had previously found very useful (18, 25) . Thus in the proton coupled DC spectra of 6-substituted-7-unsubstituted pteridincs 4a-C appeared as a singlet whereas 8a-C was a doublet (due to threebond coupling with 7-H), and in 6-unsubstituted-7-substituted pteridines 4a-C was a doublet (due to three-bond coupling with 6-H) and 8a-C was a singlet (see Materials and Methods .) The tetrahydropteridinones (15 -17) were prepared by catalytic reduction of the respective pteridinones using slightly modified procedures in order to avoid over-reduction, a possibility which was not previously observed with pterins [2-aminopteridin4(3H)-ones] (18, 26) , and were isolated as the less hygroscopic sulphate salts.
( b) Oxidation of 2-meth.vl-5 ,6, 7,8-tetrahydropteridin-4 
( 3H) -ones (15-17)
The oxidation of 2-amino-5,6, 7 ,8-tetrahydropteridin-4(3H)-ones (tetrahydropterins) under a variety of conditions can proceed through the intermediate quinonoid 7,8-dihydro(6H)pterins (e. g. 3). When the oxidant was peroxidase and hydrogen peroxide or potassium ferricyanide, the quinonoid dihydropterins were formed very rapidly and were not readily oxidised further, but are known to rearrange to the respective more stable tautomers, the 7,8-dihydro(3H)pterins (e. g. 5). The characteristic uv spectra of the quinonoid pterin species (3, 7) are observed and the rearrangement can be followed spectroscopically (3). Also these rearrangements are subject to large deuterium isotope effects (klI/kD ca 10) (7 , 27), when 6-H is replaced by a deuterium atom. If the 2-amino group of tetrahydropterins is replaced by a hydrogen, methyl or methylthio group (e. g. 9-11) oxidation to the quinonoid species (e. g. 6 -8) also occurs but these species are far less stable than the quinonoid pterins and decompose rapidly with only a small proportion rearranging to the corresponding 7,8-dihydropteridin-4(3H)-ones. This process displays quite different uv spectral changes (11.12) , and when the rates are compared with those of the 6-deuteriated derivatives there is little, if any, deuterium isotope effect. The oxidations of the three tetrahydropteridinones (15-17) are similar to those of the latter class of compounds with the same characteristic uv spectral changes (e. g. Figure  1 ). Also the rates at which the spectra changed after oxidation exhibit small deuterium isotope effects (see Table 1 ), as was observed previously with the pteridinones (6) (7) (8) . These rates were useful for devising the details of the enzyme kinetic protocols (see Materials and Methods) used for determining the kinetic parameters (see below). (28) . We recently showed that the transient and unstable quinonoid dihydropteridinones (6) (7) (8) are also substrates of this reductase (11, 12) . We now report that the transient quinonoid dihydropteridin-4(3H)-ones (12 -14) generated in situ in the enzymic assay from their respective tetrahydropteridinones (15 -17) are viable substrates for pure dihydropteridine reductase from human brain, and obey Michaelis-Menten kinetics (i. e. saturation kinetics) . The kinetics of decomposition of the tetrahydropteridinones after oxidation with peroxidase and hydrogen peroxide were similar, but not identical with those obtained from oxidation with potassium ferricyanide Cfable 1). When we measured the initial rates at various concentrations of quinonoid substrate generated by oxidation with peroxidase and hydrogen peroxide, we found that the computed kinetic parameters had large errors. However, when the oxidations were performed with potassium ferricyanide the parameters were of the same order of magnitude but the errors were much smaller.
Pteridines I Vo l. 1 I 1989 I No. 2 We attribute thi s to the slower oxidation of the tetrahydropteridinones to the quinonoid species, when peroxidase and hydrogen peroxide was the oxidant, which interferes with the initial rates of the enzyme catalysed oxidation of NADH. The smaller rates (larger t 1 / 2 ) of decomposition of (16) and (17) when peroxidase and hydrogen peroxide was used compared with the corresponding values when the oxidant was potassium ferricyanide (Table 1) was most probably due to the slower oxidation of the tetrahydropteridinones to the quinonoid species. Similar behaviour had been previously observed with certain pteridinones (12) . The apparent Km and V max values are in Table 2 . Table 2 . Kinetic parameters of dihydro pteridine red uctase (human brain) at pH 7.3 and 25 "C* Substrate (12) (13) (14) The maximum velocities are real values because they are velocities at maximum concentrations of substrates. The apparent Km values, however, are maximum values (due to relatively rapid decomposition of the quinonoid species) and the true values are probably much lower than those calculated. As was discussed previously (11, 12) , the proportion of quinonoid species generated at the time of assay would vary from compound to compound due to their different stabilities and are not formed quantitatively from the corresponding tetrahydropteridinones. The apparent Km values in Table 2 as in previous determinations (11, 12) , are calculated on the assumption that the oxidation is quantitative (as in the case of tetrahydropterins), i. e. the concentrations of quinonoid species are taken as being equal to the concentrations of tetrahydropteridinones used in the assays. The relative K cat values for (13) and (14), calculated from the maximum velocities in Table 2 , are roughly of the same order as they are in quinonoid 7,8-dihydro(6H)neopterin and quinonoid 7,8-dihydro(6H)biopterin respectively (Table 3) . This is not the same, however, for quinonoid 7-methyl-7,8-dihydro(6H)pterin which has Km , V max and k cat values of 15.3 (± 2.9) ~M , 672.9 (± 53) ~M min-1 mg -1 and 561 sec 1 respectively. In this case the pterin turn s over ca 24 times faster than quinonoid dihydrobiopterin compared with the pteridinone (12) which turns over less than twice as fast as the biopterin analogue (14) ( Table 3 ). The difference in the k cat ratios could be due to the position of the substituents in the hydropyrazine ring.
Conclusion
(6RS)-2, 7 ,Dimethyl-5,6, 7,8-tetrahydro-(15), 2-methyl-6-(6RS-l ' S ,2' R-trihydroxypropyl)-5 ,6, 7 ,8-tetrahydro-(16) and 2-methyl-6-(6RS-l' R,2' S-dihydroxypropyl)-5,6,7,8-tetrahydro-(17) pteridin-4(31J)-ones were shown to produce enough of the respective transient quinonoid species (12) , (13) and (14) upon oxidation which were substrates for dihydropteridine reductase (human brain) ( Table 2 ). The ratios of the K ca t values of the quinonoid species (13) and (14) were of a similar order as was observed with the respective quinonoid species derived from neopterin and biopterin (Table  3 ). This indicated tha t the quinonoid dihydropteridinones which have a double bond between C2 and N3 (endocyclic double bond) are substrates for dihydropteridine reductase and support the structure (29) with a C2-N3 double bond for the natural cofactor quinonoid 7,8-dihydro(6H)biopterin for this reductase.
